Introduction
In one of the primal articles regarding endophytism, Petrini [1] stated these were all organisms inhabiting plant organs that at some time in their life can colonize internal plant tissue without causing apparent harm to the host. They cause no overt tissue damage hence producing no symptoms, and in fact, there exists no evidence for even their presence in plants [2] . Collectively, the fungal survey of various hosts have suggested the ubiquity of endophytes and revealed their symbiotic association in all healthy plant taxa studied to date, typically more than one guest in each flora [3, 4] . Being non-organ-specific, endophytes invade all organs and reside entirely within plant tissues beneath the epidermal cells, intracellularly or intercellularly [5] [6] [7] . In general, endophytes include fungi, bacteria, mycoplasma, and archaebacteria, and the most frequently observed candidates might be "mycoendophytes" [4] . To date, most reviews have focused on highly diverse, polyphyletic assemblages of endophytic ascomycetous fungi, with Aspergillus sp. as the dominant taxa [3, 8] .
Fungal endophytes have profound effects on stimulation of plant growth, increased disease resistance, improvement of the plant's ability to withstand environmental stresses, and recycling of nutrients [9] . Besides these, endophytes may possibly produce a surfeit of bioactive metabolites as the outcome of an intimate relationship with the host, and may serve as potential sources of novel natural products for exploitation in medicine, agriculture, and industry [10] . Several studies do indicate that the active principle of fungal endophytes expresses more activity than those of their respective hosts [2] . A diverse array of novel, eco-friendly secondary metabolites comprising bioactivities (anticancer, antioxidant, antifungal, antibacterial, antiviral, anti-insecticidal, and immunosuppressant) have been procured from endophytes [11] . The role of endophytes in drug discovery began in the 90s with the isolation of taxol, world's first billion dollar anticancer drug, and led to an explosion in endophytic studies [12] . Endophytes have also been investigated for their roles in agriculture and biofuel production. Inoculating crop plants with certain endophytes may provide increased disease or parasite resistance, thus improving food production to fulfill the needs of increasing populations. Some endophytes have been proved to possess metabolic processes that convert cellulose and other carbon sources into "myco-diesel" and other hydrocarbon derivatives [13] . Herein, we review the biopharmaceutical compounds explored from marine algal endophytes and briefly discuss the myco-phyco interactions, isolation techniques, and bioprospecting.
Algicolous Endophytes
In the marine realm, macroalgae offer a wide range of therapeutic possibilities and have been widely exploited in traditional and folk medicine for more than 2,000 years in China as well as ancient Egypt. It seems obvious that algaederived compounds have antimicrobial and antifouling activities and are hence used in cosmetics or antifouling paints [14] . It is relevant to consider that the secondary metabolites that a fungus synthesizes may correspond with its respective ecological niche, and continual metabolic interactions between the fungus and plant may enhance the synthesis of these metabolites [15] . Because of the presence of a constant, inexorable stress foisted on macroalgae (prolonged periods of sunlight exposure, sharp variation in moisture and salt concentration, changing tides, abundant microorganisms and herbivore insects), it seems more likely that algae and their endophytic symbionts would be a good source of biologically active secondary metabolites [16] . Even though algae represent the second largest source of marine fungi after mangrove swamps [17] , most of the tropical and subtropical algal species have been scarcely assessed for endophytic assemblages, whereas research has been progressing in temperate regions [18] .
While considering the nature of the interaction, it is important to think of the complexity of their relationship in great detail. Schulz and Boyle [19] recognized three types of host-endophyte interactions, ranging from mutualism through commensalism to parasitism. The most common type of myco-phyco interaction is mutualism, in which the fungal partner trades secondary metabolites (conferring stress tolerance) for nutrition and self-defense with algae [2, 20, 21] , whereas commensalism benefits the microbial partner only [22] . Under certain rare conditions, the endophyte may become parasitic and cause disease in the host [23, 24] . Schulz and Boyle [19] proposed a hypothesis of balanced antagonism between endophytic virulence and host defense, resulting in asymptomatic colonization (Fig. 1) . Interestingly, endophytes retain almost the same virulence factors as that of pathogens, and produce several exoenzymes resulting in host colonization [16, 25] , whereas the host can respond by activating its defense mechanism as it would to a pathogen. As long as endophytic virulence and host defense maintain balance, the interaction remains symptomless. Any kind of imbalance due to any kind of stress in the host leads to mortality of endophytes by host defense or a disease condition in the host by endophyte virulence. The balance of antagonism appears to be often plastic, depending on environmental factors and nutritional status, as well as the developmental stages of partners [19] .
Isolation of Endophytes from Macroalgae
It is essential to understand the methods and rationale used to isolate most potent endophytes from various ecological niches. Isolation of endophytes should be accurate enough to eliminate epiphytic microbes that reside on the algal surface. Algal samples for isolation purpose should look apparently healthy and disease free in order to minimize the presence of pathogenic and saprobic species, and to avoid isolation of localized pathogenic endophytic microorganisms [4, 10] . Care should be taken to process the samples as quickly as possible following collection, to evade contamination by air microspores [26] , or be kept at 4°C until analysis in the case of any inconvenience [12] . One major challenge in the isolation of endophytic taxa is surface sterilization, which varies according to the species as well as tissue type of the host plant; hence, different techniques have to be performed for sterilization to ensure that the microbes isolated are endophytes of the host itself [27] . Different mechanical (vortexing, ultrasonic probe sonication, ultrasonic bath sonication, use of beads), enzymatic (lysozyme, proteinase K), and chemical (ethanol, bleaching, alkaline lysis buffer, CTAB buffer, UNSET buffer, bactericidal cleanser) measures have been adopted by various workers for the complete elimination of epiphytes [28] .
Surface sterilization remains challenging in new symbiosis systems like algae, which are renowned for their delicate appearance [28] , and hence have to be optimized for an individual host with respect to tissue sensitivity, age, and the organ being sterilized [19] (Table S1 ). Disinfection starts with a thorough exposure of external tissue to 70% ethanol and sodium hypochlorite (1-4%) for a few minutes, followed by rinsing in sterile distilled water to remove traces of NaOCl [2, 3, 5, 19] . The dilutions and immersion times in NaOCl vary with the type of tissue and host. It is far preferable to check the efficacy of surface sterilization by imprinting treated tissue on growth medium, and obviously, a successful sterilization indicates a lack of microbial growth on petri plate, where the surface-sterilized portion had been in contact [29] . However, it is also very important to ensure that the host tissue has not been damaged by an overly stringent sterilization procedure [19] . Small pieces of approximately 0.5 cm 2 have been carefully excised from sterilized thallus under sterile conditions and placed on the culture medium (viz., malt extract agar or potato dextrose agar supplemented with antibiotics like chloramphenicol, streptomycin, tetracycline or penicillin to resist the bacterial growth) [30, 31] . After several days of incubation at 26°C under appropriate lighting conditions, hyphal tips of growing fungi are removed, subcultured, and stored for further analysis [32] . Endophytes have been identified through examination of the colony and spore morphology with taxonomic classifications, being confirmed by comparison of internal transcribed spacer regions with sequences available in the GenBank database [33] .
Biopharmaceutical Compounds from Algal Endophytes
The grand entry of taxol, the world's first billion dollar anticancer drug, had augmented the importance of endophytes and shifted natural product research to endophytic fungi. The discovery of anticancer drug taxol was from the yew tree Taxus brevifolia in the 70s [34] . The view of Stierle et al. [35] was that yew trees might support certain endophytic microorganisms that may also synthesize taxol. Fortunately, Strobel et al. [36] identified a taxolproducing endophytic fungus, Taxomyces andreanae, from T. brevifolia. Screening for endophytes from other species of yew tree has highlighted another taxol-producing fungus, Pestalotiopsis microspora, from Taxus wallachiana [12] . Therefore, the presence of a microbial source for a valued product could eliminate the need to harvest slow-growing rare yew trees, and the reduced cost makes it available to the world population [4] .
Secondary metabolites have long been produced as an adaptation for specific functions in nature [10] . They offer a vital role in vivo; metabolic interactions between fungi and their plant hosts (i.e., signaling and defense and regulation of the symbiosis) [19] . A combinatorial approach using different defense strategies and the integration of a variety of metabolites enables the algae to survive in a highly competitive environment [37] . Based on present literature survey, brown algae contributed the maximum followed by red and green algae (Fig. 2) . The comparatively short life cycle of Chlorophyceae as well as slow growth of endosymbionts together might have accounted for the low The maximum number of bioactive secondary metabolites of macroalgal endophytes procured was found to be from brown algae (39%) followed by red algae (28%) and green algae (23%).
fungal diversity and bioactivity in green algae [38] . Hundreds of natural products, including alkaloids, terpenoids, flavonoids, steroids, phenols, and quinines, have been obtained from algicolous endophytes [39] . The structural and functional diversity of these secondary metabolites are given in Table S2 .
Extraction and Characterization of Bioactive Compounds from Algicolous Endophytes
Combining the particulars of the marine environment and microbial versatility, marine microorganisms have been considered as a new frontier for finding novel pharmaceutical candidates [40] . According to the "one strain, many compounds" concept, different culture conditions result in the chemical diversity of the compounds [41] . Therefore, various fermentation conditions, (i.e., shaking versus static cultures, application of different temperatures, light, aeration regimes, etc.) have been exercised [42, 43] . Fermentation media (viz., potato dextrose agar, barley spelt solid substrate, liquid Wickerham's medium, or malt extract medium) have been used for the successful scale-up of the production of bioactive compounds from endophytic fungi [44] . Depending on fungal growth, cultures require an incubation period of 2-4 weeks after inoculation. The separation of mycelia and filtrate followed by the extraction of compounds using suitable organic solvents (viz., ethyl acetate, methanol, CH , and hexane) are performed [45] [46] [47] [48] . Indeed, ethyl acetate appears to be the most commonly used solvent in the bioactive screening of fungal endophytes (Table S3 ). The cell-free organic phase must be concentrated to dryness under vacuum at 35-40°C using a rotary evaporator. Extracts are fractionated by column chromatography with polarity-based gradients of an appropriate solvent system, and the presence of compounds is detected by thin-layer chromatography. Further purification is done by reverse phase -high-performance liquid chromatography followed by liquid chromatographymass spectrometry for identification of the compound by correlating both molecular weight and UV absorption data. Structural elucidation is done with the aid of high-resolution nuclear magnetic resonance and Fourier transform ion cyclotron resonance mass spectrometry, etc. (Fig. 3) .
Anticancer Compounds
Epipolysulfanyl-dioxopiperazines, representing the family of leptosins, were extracted from the endophytic fungus Leptosphaeria sp. isolated from the brown alga Sargasssum tortile. The cytotoxicity of leptosin A against P-388 leukemia cells through inhibition of topoisomerase II has been studied [49] , besides Arugosin A and B [45, 50] and monodictyochromes A and B [51] from algicolous symbionts. Klemke et al. [42] described the endophytic fungus Apiospora montagnei, isolated from the inner tissue of alga Polysiphonia violacea. Bioassay-graded fractionation of the crude extract generated cytotoxic epiepoxydon having 50% growth inhibition (GI 5 0
) activity at concentrations of 0.7 μg/ml (HM02), 0.75 μg/ml (HepG2), and 0.8 μg/ml (MCF7). In 2008, Pontius et al. [52] reported another compound, noduliprevenone, a polyketide from an algicolous fungus, Nodulisporium sp., and the compound was recognized as a competitive inhibitor of cytochrome P450-1A activity with an IC [54] .
Steroids are a group of constitutive bioactive principles commonly distributed in mycoendophytes. A rare anticancer nor-ergosteroid compound, 7-nor-ergosterolide, and a new steroidal derivative, 3β,11α-dihydroxy ergosta-8,24(28)-dien-7-one, have been extracted from endophytic fungus Aspergillus ochraceus residing in macroalga Sargassum kjellmanianum. Cytotoxicity studies revealed the anticancer property of 7-nor-ergosterolide against NCI-H460, SMMC-7721, and SW1990 human cancer cell lines, whereas 3β,11α-dihydroxy ergosta-8,24(28)-dien-7-one weakly inhibited the growth of SMMC-7721 cells [55] . Chaetomium appears to represent a storehouse of anticancer agents such as cytoglobosins C and D [56] and chaetopyranin [57] .
Penicillium chrysogenum QEN 24S, an endophytic fungus isolated from an unidentified marine red algal species of genus Laurencia, yielded penicitide A, which possessed moderate cytotoxic activity against a human liver carcinoma cell line with IC 5 0 of 32 μg/ml [58] . Norditerpenoids have attracted much attention as cytotoxic agents. As expected, several novel norditerpenoids (asperolides A and B and wentilactones A and B) from Aspergillus wentii EN-48, an algicolous endophyte of Sargassum sp., expressed cytotoxicity against several human tumor cell lines. Comparable results were witnessed in murine leukemia bioassay (P388) with N-hydroxy-2-pyridine, an alkaloid of Penicillium sp. of brown alga Xiphophora gladiata (IC 5 0
1.8 μg/ml) [59] . Recently, a culture of the fungus Xylaria sp., isolated from Brazilian marine seaweed Bostrychia tenella, yielded cytochalasin D, which expressed moderate activity against tumor cells SF-295 and HCT-8 [60] (Fig. 4) .
Antibacterial Compounds
Xanthones are widespread in nature and known to have a variety of biological activities. A study designed to discover novel antibacterial agents yielded xanthone derivatives [2,3,6,8-tetrahydroxy-1-methylxanthone,2,3,4,6,8-pentahydroxy-1-methylxanthone, 2,3,4,6,8-pentahydroxy-1-methylxanthone, and 5-(hydroxymethyl)-2-furanocarboxylic acid) from Wardomyces anomalus, inhabitants of Enteromorpha sp. [61] . Endophytic A. wentii pt-1 of marine red alga Gymnogongrus flabelliformis gifted another set of new xanthone derivatives, yicathin A-C, exhibiting inhibitory activity against Escherichia coli, Staphylococcus aureus, and Colletotrichum lagenarium [62] . Bioactive lactones (viz., 6-oxo-de-O-methyllasiodiplodin and (E)-9-etheno-lasiodiplodin), together with three known compounds (lasiodiplodin, de-O-methyllasiodiplodin, and 5-hydroxy-de-O-methyllasiodiplodin) have been isolated from an unidentified species of fungus (No. ZZF36), found in the inner surface of brown alga Sargassum sp. from Zhanjiang sea, China. Lasiodiplodin, 6-oxo-de-O-methyllasiodiplodin, and 5-hydroxy-de-Omethyllasiodiplodin exhibited inhibitory property towards S. aureus [63] . Macrolides such as curvulones A and B also displayed antibacterial activity against the gram-positive bacterium Bacillus megaterium [64] . Although perceptions belong to one of the major group of secondary metabolites produced by plants, reports confirm the production of such compounds by endophytes. Indoloditerpenes, asporyzin C, and JBIR-03, obtained from Aspergillus oryzae, an inhabitant of red alga Heterosiphonia japonica, displayed considerable antibacterial as well as insecticidal activities [65] . Gao et al. [66] testified the antimicrobial activity of cyclopiane diterpenes for the first time, and identified an endophyte P. chrysogenum (QEN-24S) from red algal species Laurencia, capable of producing new tetracyclic diterpenes of rarely reported cyclopiane class (viz., conidiogenone B and conidiogenol). Both the compounds showed obvious activity against methicillin-resistant S. aureus, S. epidermidis, Pseudomonas fluorescens, and P. aeruginosa with MIC values of 8 μg/ml and 16 μg/ml, respectively. brown alga Xiphophora gladiate of New Zealand, expressed notable activity against B. subtilis [67] . Eurotium cristatum EN-220, obtained from internal tissues of Sargassum thunbergii, promoted the biosynthesis of indole alkaloids called cristatumins A-D along with known compounds isoechinulin A, tardioxopiperazine A, and variecolorin G. Cristatumin A and tardioxopiperazine A were highlighted for potent activity against E. coli and S. aureus, respectively [68] .
Chemical investigation of various algal endophytes yielded a handful of metabolites inhibiting S. aureus as well as E. coli; namely, phenalenone derivatives and scleroderolide [69] ; dicerandrol C [48] ; brevianamide M, 6,8-di-Omethylaverufin, and 6-O-methylaverufin [70] ; isocyathisterol [71] ; Z-roquefortine C, viridicatol, penitrem A, and penijanthine A [72] . Manjusha et al. [73] testified that the crude extract of endophytic fungus Streptomyces sp. associated with brown alga Hypnea musciformis successfully prevented the growth of gram-positive bacteria (Fig. 5) .
Antimycotic Compounds
There is a general call for antifungal metabolites, as very limited numbers of fungicidal drugs are currently available and algal endophytes would be a promising new hope (Fig. 6) . Bioactive lactones, such as lasiodiplodins, expressed fungicidal activity with an MIC of 100 μg/ml against Fusarium oxysporum [63] . Antifungal screening of endophytes revealed a series of three antimycotics; namely, nigerasperone C, asperamide B, and 5,7-dihydroxy-2-[1-(4-methoxy-6-oxo-6H-pyran-2-yl)-2-phenylethylamino] [1, 4] naphthaquinone from A. niger EN-13, an inhabitant of brown alga Colpomenia sinuosa [74] [75] [76] . Studies of algal-derived Penicillium sp. of brown alga Xiphophora gladiate collected from New Zealand afforded an alkaloid, N-hydroxy-2-pyridine, expressing notable activity against Candida albicans [67] . Notably, curvularin, a macrolide, inhibitory to Microbotryum violaceum and Septoria tritici [64] , and penicisteroide A, penicimonoterpene, penicitide A, and anicequol from P. chrysogenum QEN-24S associated with alga Laurencia sp. active inhibitory to pathogenic fungus Alternaria brassicae [58] , were reported. Moreover, penicimonoterpene and penicitide A expressed significant antiviral property as well. Sun et al. [59] reported a tetranorditerpenoid derivative from A. wentii EN-48, an internal mycobiota of Sargassum sp., very interesting not only for its potent fungicidal activities but also for its anticancer properties. The particular compound was found to possess considerable antifungal activity against C. albicans with an MIC value of 16 μg/ml. The fungistatic activity of helicascolide C accumulated in the broth culture of endophytic Daldinia eschscholzii has been described by Tarman et al. [77] .
Antioxidant Compounds
Several studies do indicate the excellent antioxidant potential of endosymbionts. Abdel-Lattef et al. [78] reported the antioxidant activity of hydroquinone derivatives: 7-isopropenylbicyclo[4.2.0]octa-1,3,5-triene-2,5-diol, 1,2-(1-hydroxy-1-methyl)-2,3-dihydrobenzofuran-5-ol,2,2-dimethylchroman-3,6-diol, and 2-(3-dihydroxy-3-methylbutyl)benzene-1,4-diol, from Acremonium sp., isolated from the brown alga Cladostephus spongius of the Spanish coast. They expressed significant DPPH radical scavenging activity (at 25.0 μg/ml), and were also able to inhibit peroxidation of linolenic acid (at 37.0 μg/ml). In 2003, Abdel-Lattef et al. [61] again described the DPPH radical scavenging potential of 2,3,6,8-tetrahydroxy-1-methylxanthone and 5-(hydroxymethyl)-2-furanocarboxylic acid obtained from endophytic fungus Wardomyces anomalus, inhabitants of Enteromorpha sp., from the Baltic Sea [79] . Fungus Epicoccum sp., isolated from the marine alga Fucus vesiculosus, also proved to be a potent antioxidant epicoccone [61] . The capability of endophytes to produce benzodiazepine with the antioxidant property was observed in A. ochraceus from S. kjellmanianum. This novel compound, 2-hydroxycircumdatin C, possessed significant antioxidant activity with an IC 5 0 of 9.9 μM [80] (Fig. 7) .
Other Bioactive Compounds
Endophytic fungus Ascochyta saliconiae, isolated from green alga Ulva sp., yielded a tyrosine kinase inhibitor (i.e., 2,3-dihydro-2-hydroxy-2,4-dimethyl-5-trans-propenylfura-3-one) [81] . Currently, about 30% of the effort by the pharmaceutical industry has been devoted to the development of protein kinase inhibitors, especially tyrosine kinase inhibitors. Endophytic Chaetomium sp., of Valomia utricularis, collected from the waters around the Azores (Atlantic Ocean), produced chaetominedione and 5-(hydroxymethyl)-2-furancarboxylic acid possessing significant tyrosine kinase p56 l c k enzyme inhibitory activity (93.6% and 100% enzyme inhibition at 200 μg/ml, respectively) [82] . Qiao et al. [47] added endophyte-derived (8E, 12Z)-10, 11-dihydroxyoctadeca-8,12-dienoic acid and 3β,4α-dihydroxy-26-methoxyergosta-7,24 (28)-dien-6-one to the natural product pipeline that inhibits acetylcholinesterase. Recently, human leukocyte elastase inhibitors such as spartinoxide and 4-hydroxy-3-prenyl-benzoic acid, as well as sclerodin obtained from Phaeosphaeria spartinae and Coniothyrium cereal, respectively, have also been reported by Elsebai et al. [69, 83] . Fungal strain HJ33moB produced inhibitors of eukaryotic polymerases like talaroflavone and 1-deoxyrubralactone [46] . Additionally, many marine endophytic metabolites have been described for toxicity towards brine shrimp Artemia salina [65, 68, 72, [81] [82] [83] [84] (Fig. 8) .
The Way Forward
Microbial sources for a medicinally important substance offer several advantages over plant cell culture troubleshooting.
Attempts to assess novel drugs from algicolous endophytes have been slowed down by several problems. A major task lies in developing effective tactics to isolate potential strains. Probably the most important, yet a rarely mentioned flaw, in endophytic studies is that we obtain only faster growing culturable endophytes, whereas some or even numerous slow growing as well as unculturable ones are eliminated. Arnold et al. [85] suggest that isolation techniques like isolation media, culturing conditions, tissue type, size, etc. correlated with estimates of endophyte species richness. Integrating modern techniques like metagenomics might shed light on the diversity and novel gene clusters of these cryptic microfungi. Despite the significant biosynthetic potential of endophytes, a steady production scenario in the in vitro conditions has not been achieved. Although an effective solution is not yet revealed, use of host material in the cultivating medium, co-culture method, cold storage of microorganisms of interest immediately after isolation, etc., sounds effective. Moreover, strategies based on activation of silent biosynthetic pathways as well as epigenetics might aid access to new metabolites.
The ex-UN secretary general, Ban Ki-moon held a discussion session on the growing emergence of antimicrobial resistance as a "fundamental threat" to global health and safety at the United Nations General Assembly meeting in 2016. Launching novel drugs could be a solution to confront this problem. Effective exploration of novel metabolites demand isolation of rare, potential organisms from unique biotopes, and here arises the significance of algicolous endophytes, which act as a cache of unique bioactive compounds, such as steroids, alkaloids, tannins, terpenoids, phenolic acids, quinones, terpenoids, and xanthones, that assist a potential candidate for anticancer, antialgal, antimicrobial, antioxidant, immunosuppressant, and many more properties. However, relatively little is known about algicolous endophytes and the rich pool of novel metabolites yet to be discovered. According to Hawksworth [86] and Strobel and Daisy [4] , only 100,000 fungi out of one million have been discovered, and among them, only about 0.08% are algicolous fungi [38] , shedding more light on the opportunities of exploring new strains and unique structural entities in endophytic research. Accordingly, the establishment of microbial repositories from marine vegetation would be an important step towards discovering their bioactive principle to fulfill the demands of the pharmaceutical industry.
